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ABSTRACT 
A Three Component Flow F a c i l i t y  (TCFF) was used t o  
s tudy f r i c t i o n  p res su re  drops  i n  v e r t i c a l  two component 
f l w s  of both air bubbles i n  water and p o l y e s t e r  
particle-water mixtures.  F r i c t i o n  f a c t o r s  of up t o  two 
o rde r s  i n  magnitude higher  than those  a t  z e r o  volume 
f r a c t i o n  were observed f o r  both bubbly and s l u r r y  
flows. This d e v i a t i o n  is  shown t o  decrease  wi th  
increased l i q u i d  Reynolds number. Bubbly and s l u r r y  
f l a t  f r i c t i o n  f a c t o r s  were comparably l a r g e  i n  
magnitude and displayed t h e  same decreas ing t r e n d  a s  a  
func t ion  of Reynolds number. The two phase f r i c t i o n  
m u l t i p l i e r  f o r  bubbly flow was shown t o  a t t a i n  v a l u e s  
up t o  one order of magnitude higher  than t h e  p r e d i c t i o n  
given by Lockhart and M a r t i n e l l i .  Two phase m u l t i p l i e r  
d a t a  is presented f o r  t h e  d i spe r sed  f low regime. 
i 1. NOMENCLATURE 
pipe c r o s s  s e c t i o n  a r e a  (8  .O9 X 1 0 - ~ m ~ )  
pipe diameter ( 4  in . )  
f r i c t i o n  f a c t o r  
two phase f r i c t i o n  m d t i p l i e r  
a c c e l e r a t i o n  due t o  g r a v i t y  
s u p e r f i c i a l  air v e l o c i t y  
s u p e r f i c i a l  l i q u i d  v e l o c i t y  
sepa ra t ion  between p res su re  tappings  (1.69~1) 
s t a t i c  p re s su re  
s t a t i c  p re s su re  
l i q u i d  Reynolds 
volume f r a c t i o n  
p a r t i c l e s  
a t  upper tapping 
a t  lower tapping 
number = J L ~ / V L  
of e i t h e r  air 
B air volume q u a l i t y  j O / ( j G  + .iL) 
e  f r a c t i o n a l  e r r o r  i n  volume f r a c t i o n  r ead ing  
'~hm 
f r a c t i o n a l  e r r o r  i n  s t a t i c  p re s su re  r ead ing  
f r a c t i o n a l  e r r o r  i n  o r i f i c e  p res su re  drop read- 
E&air 
i n g  
EEMFM f r a c t i o n a l  e r r o r  i n  e lec t romagnet ic  flow meter 
reading 
am s t a t i c  p res su re  manometer head 
hair air o r i f i c e  flow meter manometer head 
Apld s i n g l e  phase flow f r i c t i o n  p res su re  drop 
I 
' A ~ 2 d  two phase flow f r i c t i o n  p res su re  drop I / Pw water  d e n s i t y  
pair a i r  d e n s i t y  
IPb bulk  d e n s i t y  
'PS po lyes t e r  dens i ty  
'2 .  APPARATUS 
The Three Component Flow F a c i l i t y  (TCFF) a t  
Cal tech,  shown i n  Figure  1 was used t o  s tudy f r i c t i o n  
p res su re  drops  i n  both air bubbles i n  water  and polyes- 
t e r   article and water  mixtures.  The bubblv flows a r e  
formeh by in t roduc ing  air  through an i n j e c t o r  s i t u a t e d  
l o c a t i o n  i n s i d e  the  v e r t i c a l  4  i n .  p ipe ,  60cm below t h e  t e s t  
s e c t i o n .  The i n j e c t o r  c o n s i s t s  of  an  a r r a y  of twelve 
l o c a t i o n  118 i n .  b r a s s  tubes  perfora ted wi th  1 /64  i n .  holes .  A 
l2Opsi compressed a i r  l i n e  s u p p l i e s  t h e  i n j e c t o r  
through a  r e g u l a t o r ,  o r i f i c e  p l a t e  flow meter ( t o  moni- 
t o r  air mass f low) ,  and va lves  t o  con t ro l  t h e  air flow. 
o r  po lyes t e r  The bubbles formed have an average diameter of 4mm 
( 2  lmm). The po lyes t e r  p a r t i c l e s  a r e  in t roduced a t  the  
I 
Figure  1 Schematic of t h e  Three Component Flow 
F a c i l i t y .  
top  of the  t e s t  s e c t i o n  from t h e  p a r t i c l e  hopper 
through a particle flm e o n t r o l  g a t e .  The p a r t i c l e s  
have an  average diameter of 3mm and are c y l i n d r i c a l  i n  
shape. A t h r e e  horse  power pump c o n t r o l s  t h e  water  
flow r a t e  which is monitored us ing a n  e lec t romagnet ic  
flow meter, The s t a t i c  p re s su re  g r a d i e n t  i n  t h e  t e s t  
s e c t i o n  is  measured wi th  an  i n v e r t e d  a i r  on water 
manometer. The s t a t i c  p re s su re  measurement con ta ins  a 
l a r g e  hydros t a t i c  p re s su re  component and a sma l l e r  
con t r ibu t ion  from t h e  f r i c t i o n a l  p re s su re  drop. The 
volume f r a c t i o n  of t h e  d i s p e r s e  medium is monitored 
wi th  an impedance volume f r a c t i o n  meter (IVM) which 
bases  i ts output on a measurement of t h e  e l e c t r i c a l  
impedance of t h e  mixture.  The a c c u r a t e  knowledge o f  
the  volume f r a c t i o n  a l lows  us t o  e x t r a c t  t h e  f r i c t i o n  
pressure  drop from t h e  measured s t a t i c  p re s su re  
,gradient .  
I 
13. EXPERIMENTAL PROCEDURE 
i 1 Experiments wi th  d i f f e r e n t  a i r  and water  flow 
j r a t e s  were c a r r i e d  ou t  wi th  the  a i r  f low held constant  
land t h e  water f l o w  incremented from j = O  t o  imls. 
;This  was done f o r  volume f r a c t i o n s  of 0 i o  40%. Af te r  
leach adjustment, cond i t ions  were allowed t o  s e t t l e  f o r  
115 seconds and all mothtored q u a n t i t i e s  were recorded. 
A l l  air-water f lows s tud ied  were cocur ren t  and upward. 
The po lyes t e r  p a r t i c l e  s l u r r y  flows s tud ied  were 
cocurrent  and downward. With a pre-se t  l i q u i d  f low 
r a t e  the  s o l i d  f r a c t i o n  was incremented between each 
run. For each s e t  of cond i t ions ,  t h e  l i q u i d  flow r a t e ,  
t h e  s t a t i c  p re s su re  g r a d i e n t  i n  the t e s t  s ec tyon  and 
t h e  s o l i d  f r a c t i o n  were monitored. The s o l i d  f r a c t i o n  
ranged from 0 t o  30%. The l i q u i d  flow r a t e  was inc re -  
mented through a range of 0 - .6m/s. I n  both types  of 
flow the  raw d a t a  was s t o r e d  i n  random access  files on 
a microcomputer f loppy  d i s c .  
4.  PRESSURE LOSSES IN VERTICAL UPWARD A I R  WATER FLOW 
Pressure l o s s e s  i n  v e r t i c a l  upward air-water flow 
were obtained by s u b t r a c t i n g  t h e  v e r t i c a l  s t a t i c  pres- 
s u r e  d i f f e rence  i n  t h e  flow from the  p res su re  g r a d i e n t  
caused by the  g r a v i t a t i o n a l  body fo rce .  The l a t t e r  was 
obta ined by c a l c u l a t i n g  the  bulk d e n s i t y  from the  
volume f r a c t i o n  and t h e  known d e n s i t i e s  of air and 
water.  
We have chosen t o  r ep resen t  t h e  p res su re  l o s s  da ta  
us ing both a f r i c t i o n  f a c t o r  and a two phase f r i c t i o n  
m u l t i p l i e r :  
f r i c t i o n  f a c t o r  = f  = b p Z d ~  
two phase f r i c t i o n  m u l t i p l i e r  = Fm = dp24 
*Pld 
F r i c t i o n  F a c t o r  
The f r i c t i o n  f a c t o r  is  presented a s  a f u n c t i o n  of 
Reynolds number wi th  t h e  volume f r a c t i o n  a a s  a parame- 
t e r  (Fig. 21. A l l  t h e  two-phase f r i c t i o n  f a c t o r s  a r e  
s i g n i f i c a n t l y  l a r g e r  than  t h e  pure l i q u i d  (a-0) 
curve, i n d i c a t i n g  a t r end  of inc reased  r e s i s t a n c e  t o  
IEtE! -. 
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:F igure  2 Mixture f r i c t i o n  f a c t o r  ve r sus  Reynolds 
Number. 
f low with  l a r g e  volume f r a c t i o n s .  Non-monotonic 
behavior can be seen w i t h i n  f r i c t i o n  f a c t o r  results 
which g e n e r a l l y  decrease  wi th  R e .  Th i s  is b e s t  shown 
by the 5% < a  ( 10% curve which goes through $ minimum 
a t  Re = 2x10~  and a maximum a t  Re = 4x10 . This 
:phenomenon is s i m i l a r  i n  na tu re  t o  t h a t  observed i n  
(pure l i q u i d  pipe  flow through t r a n s i t i o n  from laminar 
, t o  t u r b u l e n t  Plow. It i s  generally accepted that bulk 
'two phase v i s c o s i t y  is inc reased  wi th  volume f r a c t i o n  
' t h e r e f o r e  f o r  t h e  h igher  volume f r a c t i o n  curves ,  a 
Reynolds number based on a bulk kinemat ic  v i s c o s i t y  
would be much sma l l e r  than t h e  one chosen h e r e  f o r  
s i m p l i o i t y  (based on t h e  kinematic v i s c o s i t y  of 
w a t e r ) .  Using such a Reynolds number would then  s h i f t  
cons tan t  a curves  p rogres s ive ly  t o  t h e  l e f t  wi th  
i n c r e a s i n g  a. Ult imate ly ,  t h e  bulk  Reynolds number 
w i l l  be smal l  enough t o  be i n  the  t r a n s i t i o n  zone where 
non-monotonic f /Re  behavior is seen. Our r e s u l t s  sug- 
,gest t h e  e x i s t e n c e  of bulk laminar  and t u r b u l e n t  flows. 
A t  h i g h e r .  Reynolds number a l l  t he  cons tan t  a 
cu rves  coalesce  i n d i c a t i n g  t h a t  volume f r a c t i o n  has  
l e s s  of an  e f f e c t  on f r i c t i o n  f a c t o r  a t  high flow r a t e s  
than  a t  low flow r a t e s .  
The Two-Phase F r i c t i o n  M u l t i ~ l i e r  
The two phase f r i c t i o n  m u l t i p l i e r  i s  t h e  mixture 
p res su re  l o s s  normalized wi th  t h e  pure l i q u i d  p res su re  
l o s s  a t  t h e  same l i q u i d  flow r a t e .  The pure  l i q u i d  
f r i c t i o n  f a c t o r  curve used (Figs.2 and 4) was a l e a s t  
squa res  r eg res s ion  f i t  of measurements of t h e  form: 
l o g  f = A + B l o g  Re + COog ~ e )  
The r e s u l t s  shown a r e  f o r  t he  bubbly flow regime. 
Though we attempted t o  take  d a t a  i n  t h e  churn t u r b u l e n t  
regime the re  was g r e a t  s c a t t e r  i n  t h a t  d a t a  and those  
p o i n t s  have been omitted from t h e  graphs.  F igure  3 
. 3  
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Figure  3 F r i c t i o n  m u l t i p l i e r  ve r sus  a i r  volume q u a l i t y  
demonstrates t h a t  t h e  f r i c t i o n  m u l t i p l i e r  t akes  on 
d ramat i ca l ly  high va lues  a t  low flow r a t e s .  There is  a 
r i s e  and f a l l  o f f  with inc reas ing  a i r  volume q u a l i t y  i n  
t h e  form of a "hump" which dec reases  i n  s i z e  wi th  
inc reas ing  l i q u i d  flow r a t e .  For a Reynolds number of 
:30000, t h e  f r i c t i o n  m u l t i p l i e r  has  a maximum of 1 5  
where a s  f o r  Re = 75000 t h e  maximum has  diminished t o  
'5. This same phenomenon was documented by Aoki and 
Inoue (1965) and by Nakoryakov e t  a1 (1981) who found 
f r i c t i o n  m u l t i p l i e r  maxima of 20 (Re e 6000) and 11 (Re 
= 19000) r e spec t ive ly .  The va lues  of Reynolds number 
over which Aoki observed t h i s  phenomenon 
( 6  X l o3  - 40 X lo3)  a r e  much below those  of Nakoryakov 
(19 X lo3 - 177 X lo3)  o r  ours.  The discrepancy between 
t h e  r e s u l t s  of t h e  t h r e e  i n v e s t i g a t i o n s  sugges t s  t h a t  
i n  a d d i t i o n  t o  t h e  v a r i a t i o n  wi th  t h e  Reynolds number, 
t h e  d i f f e r e n t  bubble t o  pipe diameter  r a t i o s  (Aoki .l, 
Nakoryakov .03, ou r s  .035) i n  t h e  i n v e s t i g a t i o n s  has  
' a  s t rong  e f f e c t  on t h e  f r i c t i o n  m u l t i p l i e r .  A s  can be 
expected,  t h e  r e s u l t s  f o r  diameter r a t i o s  of .03 and 
.035 a r e  c l o s e s t  t o  one another .  
F r i c t i o n  pac to r  
F r i c t i o n a l  p re s su re  drops i n  po lyes t e r  p a r t i c l e  
s l u r r y  f lows were obta ined by s u b t r a c t i n g  t h e  v e r t i c a l  
s t a t i c  p re s su re  d i f f e rence  from t h e  g r a v i t a t i o n a l  pres- 
s u r e  d i f f e rence .  The l a t t e r  is der ived from t h e  bulk 
d e n s i t y  obtained from t h e  monitored p a r t i c l e  volume 
f r a c t i o n .  
The s l u r r y  flow f r i c t i o n  f a c t o r  (Fig.4) r eaches  
va lues  of  up t o  1 5  t imes  t h e  z e r o  volume f r a c t i o n  
equ iva len t  a t  t h e  lower Reynolds numbers considered. 
This  r e p r e s e n t s  a s t a t i c  p re s su re  l o s s  g r a d i e n t  1 5  
t imes  t h a t  experienced wi th  t h e  pure  l i q u i d  (water)  
a lone.  The d e v i a t i o n  from t h e  z e r o  volume f r a c t i o n  
curve dec reases  wi th  inc reas ing  Reynolds number and t h e  
cons tan t  volume f r a c t i o n  curves  a sympto t i ca l ly  tend t o  
t h e  z e r o  volume f r a c t i o n  curve. Unlike the  bubbly flow 
f r i c t i o n  f a c t o r  curves ,  t hese  d i s p l a y  a monotonically 
dec reas ing  t r end .  
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Figure  4 S l u r r y  f r i c t i o n  fac tor /Reynolds  Number 
16. ERROR ANALYSIS 
Error  a n a l y s i s  proved t o  be a v i t a l  t o o l  i n  t h e  
p r e s e n t a t i o n  of our r e s u l t s  through t h e  e l imina t ion  of 
p o i n t s  w i th  i n t o l e r a b l e  e r r o r .  Such an a n a l y s i s  i s  
imperat ive  whenever a r i t h m e t i c a l  manipulation and 
combination of e r r o r  conta ining measurements i s  used. 
Based on t h e  es t imated e r r o r  i n  each measurement we 
o b t a i n  a n  expres s ion  f o r  t h e  e r r o r  i n  t h e  reduced quan- 
t i t y  of i n t e r e s t .  
The maximum e r r o r s  i n  t h e  volume f r a c t i o n  meter,  
t h e  s t a t i c  p re s su re  manometer and t h e  e lec t romagnet ic  
f low meter were es t imated t o  be 5% of t h e  readings ,  and 
1% f o r  t h e  air o r i f i c e  p l a t e  manometer. 
CONCLUSIONS 
The bubbly flow pressu re  l o s s  measurements d i s p l a y  
a marked d e p a r t u r e  from commonly used models (Lockhart- 
M a r t i n e l l i  (1949),  Armand (1950)) .  A t  small  l i q u i d  and 
a i r  flow r a t e s ,  t h e  measured p res su re  drops were up t o  
an  'order  of magnitude h ighe r  than  predic ted  by t h e  
aforementioned authors .  This phenomenon. is a s  y e t  
poor ly  understood and has  only been documented i n  two 
.. 
' o t h e r  s t u d i e s  (Aoki and Inoue (1965).  Nakoryakov e t  a 1  
(1981))  which were c a r r i e d  ou t  f o r  d i f f e r e n t  p ipe  diam- 
e t e r s ,  making q u a n t i t a t i v e  comparison d i f f i c u l t .  High 
f r i c t i o n  m u l t i p l i e r  values  were shown t o  correspond t o  
f lows  with volume f r a c t i o n  peaks i n  t h e  v i c i n i t y  of t h e  
wall by Nakoryakov e t  al. This  suppor t s  t h e  theory of 
inc reased  wa l l  shea r  s t r e s s e s  due t o  enhanced mixing 
c l o s e  t o  the  w a l l  caused by t h e  presence of t h e  
d i spe r sed  medium. A mixing l e n g t h  theory based on t h i s  
and empi r i ca l ly  obta ined c o n s t a n t s  has  been developed 
by N. Clarke (1983). who p r e d i c t s  t he  sha rp  r i s e  of 
f r i c t i o n  m u l t i p l i e r  wi th  r e s p e c t  t o  t h e  a i r  volume 
q u a l i t y .  
The bubbly and s l u r r y  flow f r i c t i o n  f a c t o r s  were 
c l o s e  t o  one another  i n  magnitude and i n  both cases  
were observed t o  be much more s e n s i t i v e  t o  t h e  volume 
f r a c t i o n  of the  d ispersed medium a t  low l i q u i d  Reynolds 
numbers han a t  high Re. A t  high Reynolds number t (- 7 X 10  ) unsteadiness  can be observed i n  t h e  flow on 
a s c a l e  l a r g e r  than t h e  bubble o r  p a r t i c l e  diameter.  
Th i s  v i s u a l  evidence of a "bulk turbulence" appears  
a f t e r  t he  point  a t  which i t  becomes apparent  i n  t h e  
f r i c t i o n  f a c t o r  d a t a  (Fig.2).  Fu r the r  work is being 
c a r r i e d  out  on t h e  unsteady na tu re  of these  f lows and 
t h e i r  s t r u c t u r e  by s tudying t h e  s t a t i s t i c a l  p r o p e r t i e s  
o f  volume f r a c t i o n  s igna l s .  
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